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Gain- and loss-of-function studies indicate that the adherens junction protein shrew-1 acts as a novel modulator of
E-cadherin internalization induced by epithelial growth factor (EGF) or E-cadherin function-blocking antibody during
epithelial cell dynamics. Knocking down shrew-1 in MCF-7 carcinoma cells preserves E-cadherin surface levels upon EGF
stimulation. Overexpression of shrew-1 leads to preformation of an E-cadherin/EGF receptor (EGFR) HER2/src-kinase/
shrew-1 signaling complex and accelerated E-cadherin internalization. Shrew-1 is not sufficient to stimulate E-cadherin
internalization, but facilitates the actions of EGFR and thus may promote malignant progression in breast cancer cells
with constitutive EGFR stimulation by reducing surface E-cadherin expression.

INTRODUCTION

The formation of epithelial adherens junctions (AJs) is me-
diated by the calcium-dependant cell adhesion protein E-
cadherin (Gumbiner, 1996). AJs are highly dynamic struc-
tures that undergo rapid, but nevertheless regulated assembly
and disassembly during morphological remodeling events,
such as wound healing or migration during development,
whereas aberrant cell motility eventually allows tumor in-
vasion and metastasis (Takeichi, 1991; Jamora and Fuchs,
2002; Bryant and Stow, 2004; Gumbiner, 2005; Lecuit, 2005).
Endocytic trafficking of E-cadherin regulates AJ dynamics
and stability. On growth factor stimulation AJs are dis-
rupted, E-cadherin is internalized and accumulates in both
clathrin-coated vesicles and caveolae vesicles depending on the
growth factor and the epithelia type (Akhtar and Hotchin,
2001; Al Moustafa et al., 2002; Palacios et al., 2002; Paterson et al.,
2003; Janda et al., 2006). Endocytosed E-cadherin can either be
degraded or recycled to the cell surface. In turn, cell adhesion
can modulate growth factor signaling activities, because cad-
herins were found to interact with growth factor receptors at
the cell surface (Francavilla et al., 2007; Reshetnikova et al.,
2007). Therefore, endocytosis of E-cadherin and signal trans-
duction are inseparably linked cellular functions.

Members of the Src family of nonreceptor protein tyrosine
kinases (SFK) have been proposed as regulators of AJ function
(Thomas and Brugge, 1997). The activation of Src in cultured
epithelial cells down-regulates E-cadherin and causes cell dis-
sociation (Behrens et al., 1993) and is implicated in promoting
the epithelial–mesenchymal transition (EMT; Boyer et al., 2000).
In the case of AJ disassembly induced by epithelial growth
factor (EGF), Src is found in complexes with the EGF receptor
(EGFR) and E-cadherin (Shen et al., 2008). By contrast, a recent
study suggests that Src might also act positively on the main-
tenance of AJs (McLachlan et al., 2007).

Shrew-1 is a recently described AJ-associated transmem-
brane protein that we identified in epithelia cells of skin,
uterus, and pancreas (Bharti et al., 2004; Jakob et al., 2006). It can
be found at the basolateral part of the plasma membrane where
it colocalizes with, and apparently integrates into E-cadherin–
mediated AJs. On activation of receptor tyrosine kinases
(RTKs), shrew-1 seems to internalize together with E-cadherin
(Bharti et al., 2004).

In nonpolarized, highly migratory and invasive cells,
shrew-1 interacts with the transmembrane glycoprotein
CD147, an invasion-promoting protein (Lim et al., 1998;
Kanekura et al., 2002). This interaction and the fact that shrew-1
down-regulation reduces cellular invasion implies that it is
involved in the process of invasiveness (Schreiner et al., 2007).

In this article we have used gain- and loss-of-function ap-
proaches to uncover a role for shrew-1 in facilitating growth
factor–induced E-cadherin endocytosis. These findings are also
highly relevant for cancer development because deregulated
AJ disassembly is a key step in tumor progression.

MATERIALS AND METHODS

Antibodies
Human epithelial growth factor receptor-2 (HER2), Src, and phospho-tyrosine
(PY100) antibodies were purchased from Cell Signaling Technology (Beverly,
MA). Monoclonal anti-green fluorescent protein (GFP) antibody was obtained
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from Roche Diagnostics (Mannheim, Germany) and a polyclonal anti-GFP
antibody from BD Biosciences Clontech living colors (Mountain View, CA).
Monoclonal GAPDH antibody was purchased from Ambion/Applied Biosys-
tems (Darmstadt, Germany). Monoclonal E-cadherin (clone 36) was obtained
from BD Transduction Laboratories (Los Angeles, CA) and used for Western
blot detection. Another mAb against E-cadherin (5H9) was purchased from
Sigma-Aldrich Chemie (München, Germany) for immunofluorescence stain-
ing. DECMA-1, a rat mAb against E-cadherin, was a kind gift from R. Kemler
(Max Planck Institute of Immunology, Freiburg, Germany). Polyclonal anti-
bodies were generated against the cytoplasmic domain of shrew-1 in rats in
collaboration with Genovac (Freiburg, Germany). Secondary antibodies (Alexa
Fluor 488– and 594–labeled antibodies) were from Molecular Probes (Leiden,
The Netherlands). Horseradish peroxidase (HRP)- and AP-coupled secondary
antibodies and HRP-coupled streptavidin were purchased from Jackson Im-
munochemicals (Dianova, Hamburg, Germany). EGF was obtained from
Immunotools (Friesoythe, Germany).

Cell Culture
Human mammary carcinoma (MCF-7) cells were cultured in DMEM supple-
mented with 10% FCS (both from PAA Laboratories, Cölbe, Germany), 1%
penicillin, and 100 U/ml streptomycin (Invitrogen, München, Germany) 37°C
with 5% CO2.

Cell Transfection and Infection
MCF7 cells were grown on 6-cm plates until 40% confluent and transfected with
pEGFP-shrew-1 (Bharti et al., 2004) or PEGFP-N3 vector (BD Biosciences Clon-
tech) alone applying magnet-assisted transfection (MaTra; IBA, Göttingen, Ger-
many). Stable cell lines were selected by adding the eukaryotic selection marker
G418 (Invitrogen, München, Germany) at a final concentration of 5 mg/ml 48 h
after transfection until single colonies formed. Colonies were isolated, expanded,
and grown in the presence of 0.5 mg of G418 per ml of medium and analyzed for
their transfection efficiency and expression level.

Cell lines stably expressing short hairpin RNA (shRNA) against shrew-1 or
mock controls were generated by infecting MCF7 cells with lentiviral particles
containing the SEW vector encoding a sequence for a shRNA against shrew-1
or scrambled sequence (Schreiner et al., 2007).

Knockdown of Shrew-1 RT-PCR
Knockdown efficiency was determined by semiquantative RT-PCR. Confluent
MCF7 cells expressing shRNA against shrew-1 or control cells were harvested,
and total RNA was extracted with the Cyto ALL Kit (Thermo Scientific, Ham-
burg, Germany) and subsequently RT-PCR with primers against shrew-1 cyto-
plasmic domain (SHR: 5�-AAAAATTGCTGTGCCCAAAGC; SHR: 3�-TTAG-
CAGGAGATTTCAAACCAT) and BIP (BIP: 5�-TACACTTGGTATTGAAACTG
and 3�-GGTGGCTTTCCAGCCATTC) as a control was performed with the Ver-
soTM RT-PCR-kit (Thermo Scientific, Hamburg, Germany).

Immunofluorescence and Confocal Microscopy Analysis
Cells were grown on glass coverslips and upon reaching the desired conflu-
ence were fixed for 10 min with 4% paraformaldehyde, in phosphate-buffered
saline (PBS), washed two times for 5 min with PBS, and permeabilized for 5
min with 0.1% Triton X-100 (in PBS). For immunofluorescence labeling, the
cells were blocked for 30 min with 10% FCS/PBS. Primary antibodies in 10%
FCS/PBS were incubated either for 1 h at room temperature or overnight at
4°C. Antibody binding was visualized by fluorochrome-conjugated second-
ary antibodies. Nuclei were stained with Hoechst dye no. 33258 (Sigma-
Aldrich Chemie). The samples were examined with a TCS SP5 confocal laser
scanner microscope (Leica Microsystems, Heidelberg, Germany). Images
were processed with Imaris (Bitplane, Zürich, Switzerland) and prepared for
publication with Adobe Photoshop (Adobe Systems, Unterschleissheim, Ger-
many). The images were further analyzed using ImageJ software (http://
rsb.info.nih.gov/ij/; W. Rasband, National Institutes of Health, Bethesda, MD).

DECMA-1 Treatment and AJ Disruption Assay
DECMA-1 antibodies were used as a hybridoma supernatant. To determine
the concentration, supernatant was incubated with Sepharose-G beads to
precipitate antibodies. Concentration of DECMA-1 supernatant before and
after precipitation was determined to calculate the antibody content. In a
six-well dish 0.25 � 105 cells were serum-starved over night and treated with
40–50 �g/ml antibody for indicated periods and then immunostained for
E-cadherin. To assay AJ dissolution, cell colonies of 6–15 cells were divided
into three categories: coherent, intermediate, and scattered and then statisti-
cally analyzed.

Immunoblotting
Cells, 0.25 � 105, were seeded per six-well dish, starved overnight, stimulated as
indicated, washed with PBS, and lysed with 100 �l of radioimmunoprecipitation
assay buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 0.25% sodium desoxy-
cholate, 0.1% Nonidet P-40, and 0.1% SDS) plus proteinase inhibitor cocktail
Complete (Roche Applied Science, Mannheim, Germany) and Phosphatase In-

hibitor I and II (Sigma-Aldrich Chemie) for 10 min at 4°C. Total protein, 20 �g,
was separated by SDS-PAGE and transferred onto nitrocellulose membranes in
a semidry blotting chamber (PEQLAB Biotechnologie, Erlangen, Germany).
Membranes were blocked with 5% nonfat milk powder in Tris-buffered
saline/Tween (TBST; 10 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 0.1%
Tween 20) for 1 h. After a single wash step with TBST, the membranes were
incubated with primary antibody for 2 h at room temperature or overnight at
4°C. After intensive washing, the bound primary antibody was detected with
alkaline phosphatase–conjugated secondary antibody (Dianova, Hamburg,
Germany) or HRP-conjugated secondary antibody (Dianova). Enzyme sub-
strates were NBT/BCIP (Roche Diagnostics, Mannheim, Germany) for alka-
line phosphatase or a solution of 2.5 mM luminol, 0.4 mM p-coumaric acid,
100 mM Tris-HCl, pH 8.5, and freshly added 0.009% H2O2 for HRP.

Surface Biotinylation Experiments

Surface Protein Assay. After treatment of cells with EGF for indicated peri-
ods, the cell surface of cell colonies was labeled for 15 min on ice with 0.5
mg/ml membrane-impermeable EZ-Link Sulfo-NHS-Biotin (Perbio, Bonn,
Germany) in PBS, pH 7.4. After quenching (50 mM ammonium chloride in
PBS, 0.1 mM CaCl2, and 1 mM MgCl2), the cells were lysed in 0.1 ml of
radioimmunoprecipitation assay buffer (150 mM NaCl, 50 mM Tris, pH 7.5,
0.25% SDS, and 0.1% Nonidet P-40) containing the protein inhibitor cocktail
Complete (Roche Diagnostics) for 10 min at 4°C. Protein, 200 �g, from each
lysate was used for precipitation (16 h at 4°C) with 30 �l of neutravidin beads
(Perbio, Bonn, Germany). The precipitates were washed three times with
radioimmunoprecipitation assay buffer and immunoblotted.

Degradation Assay. The cell surface of cell colonies was labeled for 60 min on
ice and subsequently treated with EGF for indicated periods at 37°C, cells
were processed as described above.

Endocytosis Assay. The cell surface of cell colonies was labeled for 30 min on
ice with 0.5 mg/ml cleavable, membrane-impermeable EZ-Link Sulfo-SS-
Biotin (Perbio) in PBS, pH 7.4. After quenching with DMEM, one sample of
the cells was directly lysed in 0.1 ml of radioimmunoprecipitation assay
buffer. The other samples of the cells were incubated in DMEM with or
without EGF at 37°C for 10 min. Subsequently, surface biotin was glutathione
stripped by two 20-min washes of glutathione solution (50 mM glutathione,

Figure 1. Endogenous shrew-1 is found in mammary gland sec-
tions and in a MCF7 carcinoma cell line. (A) Immunohistochemical
staining of shrew-1 in human mammary gland section. Shrew-1 is
located at cell–cell contacts where it colocalizes with E-cadherin. (B)
Control for unspecific reactivity of rat or mouse secondary antibod-
ies. (C) Low levels of endogenous shrew-1 are found in MCF7 cells
at AJ and it colocalizes with ß-catenin. Scale bar, 10 �m.
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75 mM NaCl, 75 mM NaOH, and 1% BSA) at 0°C, as described (Le et al., 1999).
The effectiveness of glutathione stripping was demonstrated in cells, which
were surface-biotinylated at 0°C for 30 min and then immediately subjected to
glutathione stripping. Only the internalized biotinylated proteins, which were
protected from glutathione stripping, could be precipitated with neutravidin
beads and analyzed by immunoblotting.

Coimmunoprecipitation
Cells were washed twice with ice-cold PBS and lysed for 30 min at 4°C in a
buffer containing 10 mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100, and 60 mM n-octyl-glucoside. Samples were precleared for 1 h at 4°C
using protein G-Sepharose (20 �l, slurry 1:1; GE Healthcare, Freiburg, Ger-
many) and subjected to immunoprecipitation overnight at 4°C using anti-
HER2 IgG (rAb) followed by 2-h incubation with protein G-Sepharose (30 �l,
slurry 1:1). After four washes with coimmunoprecipitation buffer, samples
were separated by SDS-PAGE (8% acrylamide), transferred to nitrocellulose,
and probed with appropriate antibodies.

Phospho-Immunoprecipitation
Cells were treated with freshly prepared 10 mM pervanadate (Sigma) for the
time indicated before EGF stimulation for 10 min, washed in ice-cold PBS, and
lysed in 0.1 ml of RIPA buffer (150 mM NaCl, 50 mM Tris, pH 7.5, 0.25% SDS,
and 0.1% Nonidet P-40) containing 100 mM pervanadate and 1/25 protein
inhibitor cocktail Complete (Roche Diagnostics) for 10 min at 4°C. Two
hundred micrograms protein of each lysate was used for precipitation (16 h at
4°C) with GFP antibody (Clontech) to precipitate shrew-1. The Western blots
from the precipitates were probed with phosphotyrosine antibody (Cell Sig-
naling Technology).

Wound-healing Assay
For the analysis of MCF7 cell migratory behavior, 1 � 106 cells were seeded
in six-well plates and after forming a confluent monolayer, were serum-
starved for 12–16 h. Then wounds were created using a 200-�l pipette tip, and
medium was supplemented with 100 ng/ml EGF. Two parallel wounds were
created in each well, and their location was marked on the bottom of the
six-well plate; 12 wounds were created for each cell clone. Images were taken
after 24 h. Covered wound closure in pixel was measured with Image J and
statistically analyzed.

Statistical Analysis
The results are presented as SEMs of three experiments using MCF7 cells.
Western blot intensities are presented as relative value to controls, with the
control equal to 1. Data were analyzed by ImageJ (Scion) and the Student’s t
test performed at http://www.physics.csbsju.edu/stats/t test.html. The level
of significance was p � 0.05.

RESULTS

Expression of Shrew-1 in Mammary Gland Sections and in
Mammary Carcinoma Cells (MCF7)
Localization of endogenous shrew-1 was investigated in
cultured mammary carcinoma cells and human mammary

gland tissue sections by immunofluorescence microscopy.
Endogenous shrew-1 colocalizes with E-cadherin at the
plasma membrane and is restricted to E-cadherin junctions
in lumenal mammary layer (Figure 1A). Similarly, the cell
culture system for our experimental setup, MCF7 mammary
carcinoma cells, showed a comparable staining pattern of
endogenous shrew-1 (Figure 1B). In agreement with our

Figure 2. Direct disassembly of adherens junc-
tions by E-cadherin function-blocking antibody
DECMA-1 is enhanced by shrew-1-GFP. (A) MCF7
cells expressing shrew-1-GFP (A, 1–3) or GFP alone
(A, 4 and 5) were starved overnight and stained for
E-cadherin with 5H9 antibody. (B and C) Addition-
ally cells were treated with 50 �g/ml DECMA-1
antibody for 4 h (B, 1–5) or 8 h (C, 1–5). Arrows show
colocalization of internalized shrew-1-GFP and E-
cadherin and arrow heads morphological signs of AJ
disruption. Scale bar, 10 �m.

Figure 3. Direct disassembly of adherens junctions by E-cadherin
function-blocking antibody DECMA-1 is decreased by knockdown
of shrew-1. (A) Endogenous shrew-1 was knocked down by shRNA.
Functional knockdown was observed by semiquantitative RT-PCR
with BIP as a loading control. (B) MCF7 cells expressing the SEW
mock control (B, 1 and 2) or shrew-1 KD (B, 3 and 4) were starved
overnight and stained for E-cadherin with 5H9 antibody. (C and D)
Additionally cells were treated with 50 �g/ml DECMA-1 antibody
for 4 h (C, 1–4) or 8 h (D, 1–4). Arrowheads show morphological
signs of AJ disruption. Scale bar, 10 �m.

J. C. Gross et al.

Molecular Biology of the Cell3600



previous data overexpression of shrew-1 in MCF7 cells did
not result in an altered morphology and no change of
E-cadherin was visible in localization or expression level,
also implying that AJ in these cells were unchanged (Fig-
ure 2A, 1–3).

Shrew-1 Influences Anti-E-Cadherin Antibody-mediated
Disruption of AJs
Because an increased shrew-1 expression level apparently
did not influence cell morphology or the localization of
E-cadherin, we raised the question of whether shrew-1
might play a role in AJ’s dynamics, particularly by affecting
E-cadherin. To address this, we aimed to disintegrate the
AJs using E-cadherin function-blocking antibodies (mAb
DECMA-1; Vestweber and Kemler 1985). When applied to
the cell culture medium, DECMA-1 antibody binds to and
keeps E-cadherin in a single-molecule state, so that E-cad-
herin–mediated contacts are disrupted within 4–8 h (Frixen
and Nagamine, 1993; Nakagawa et al., 2001; Kleiner et al.,
2007). This results in the scattering of various epithelial cells
(Frixen and Nagamine, 1993; Nakagawa et al., 2001; Kleiner
et al., 2007). We treated shrew-1–overexpressing cells as well
as control cells expressing GFP alone with 50 �g/ml
DECMA-1 antibody for 4 and 8 h. The cells were then
analyzed by immunofluorescence staining of endogenous
E-cadherin and shrew-1-GFP (Figure 2B, 1–5). After
DECMA-1 treatment for 4 h the cells started to impair AJ
integrity, which was reflected by detachment from each
other, and the increased occurrence of E-cadherin in vesic-
ular structures. This was much stronger in shrew-1–overex-
pressing cells than in GFP control cells. Furthermore, shrew-
1-GFP also colocalized with E-cadherin in vesicles (Figure
2B, 1–3). These results show that shrew-1-GFP internalizes
together with E-cadherin in vesicles and suggest that it
enhances AJ dissolution. A prediction of this hypothesis is
that shrew-1 reduction will have the opposite effect (Figure
2C, 1–3). To stably down-regulate shrew-1 in MCF7 cells, we

used a nucleotide sequence against shrew-1 mRNA previ-
ously shown to be functional (Schreiner et al., 2007). After
lentiviral transduction of shrew-specific shRNA, RT-PCR
analysis of the shrew-1 mRNA revealed prominent down-
regulation in cells infected with shrew-1–specific shRNA
compared with the mock control (Figure 3A). Infection effi-
ciency, as determined by FACS analyses, was more than 80%
in all cells (data not shown). Similar to shrew-1–overex-
pressing cells, knockdown of shrew-1 had no apparent mor-
phological effect in unstimulated cells (Figure 3B, 1–4).
However, in response to treatment with DECMA-1 knock-
down of shrew-1 leads to the opposite effect on AJ disas-
sembly compared with overexpression of shrew-1. The AJs
of shrew-1 knockdown (KD) cells appeared less disturbed
and the detached phenotype as well as vesicular E-cadherin
staining observed in shrew-1–overexpressing cells was
rarely seen in MCF7 shrew-1 KD cells (Figure 3C, 3 and 4,
and D, 3 and 4). Immunofluorescence staining of mock-
infected cells showed AJ detachment similar to the GFP-
overexpressing control cells (Figure 3C, 1 and 2, and D, 1
and 2), which in turn resembles MCF7 wild-type cells.

To quantify shrew-1’s dependence on DECMA-1 for dis-
assembling AJ, shrew-1-GFP cells, GFP control cells, shrew-1
KD cells and mock-infected cells were treated with
DECMA-1 and then stained for E-cadherin. Cell colonies of
6–15 cells from all four cell lines were scored into three
categories: coherent, intermediate, or scattered (cells detach
from each other; Figure 4A). As implied by E-cadherin stain-
ing in vesicular structures in these cells, the intermediate
stage indicates the impairment of junctional integrity. About
50 colonies (�300 cells) per cell line were scored. After 4 h of
DECMA-1 treatment, 74% of GFP and mock-infected cells
and 77% of shrew-1 KD cell colonies still seem coherent, 23,
24, and 21% were in the intermediate stage and �3% were
completely scattered (Figure 4B). In contrast, in shrew-1-
GFP colonies only 27% of cells were coherent, whereas 59%
were already in the intermediate category and 14% showed

Figure 4. Quantification of shrew-1 influences
on DECMA-1 induced disruption of AJs. Cells
of all four cell lines treated with 50 �g/ml
DECMA-1 antibody for 4 h or 8 h or left un-
treated were stained for E-cadherin. (A) Cell
colonies (6–15 cells) were classified into three
categories: colony coherent (white), intermedi-
ate (light gray), and scattered (dark gray). (B)
Over 50 colonies (more than 300 cells) for each
time point of three independent experiments
were scored and statistically analyzed. Error
bars, SEM. * p � 0.01. After 4 h shrew-1 over-
expression facilitates AJ disassembly in contrast
to control and shrew-1 KD cells, whereas
knockdown slows down the disassembly pro-
cess, but does not completely inhibit it.
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an almost fully scattered phenotype (Figure 4B). After 8 h,
shrew-1 overexpression cells showed even more completely
detached colonies (34%, shrew-GFP; compared to 15%,
GFP/SEW mock; and 10%, shrew-1 KD).

After 8 h control cells exhibit a score distribution similar to
shrew-1–overexpressing cells at 4 h (GFP/SEW mock: 30/
27% coherent, 57/58% half-scattered and 13/15% scattered).
In line with these observations, shrew-1 KD cells showed
delayed impairment of junctional integrity (intermediate
stage) as well as scattering compared with shrew-1–overex-
pressing and control cells after 8 h of treatment (54% coher-
ent, 35% intermediate, and 11% scattered; Figure 4B).

All in all, shrew-1 overexpression facilitates impairment
of AJ integrity, whereas knockdown slows down this pro-
cess. Thus, it seems that disturbance and subsequent inter-
nalization of E-cadherin induced by DECMA-1 implies a
modulatory role for shrew-1 in the dynamics of AJs.

Shrew-1 Modulates EGF-dependant E-Cadherin
Internalization
So far our data suggest a modulatory role of shrew-1 in
antibody-mediated E-cadherin internalization. This raises
the important question of whether shrew-1 exhibits a similar
role if E-cadherin internalization is triggered by a growth
factor stimulus, as happens, for example, during tissue re-
organization or tumor development. A prominent molecule

in this context is EGF and its receptor family, which play a
central role especially in breast carcinoma and are therapeu-
tic antibody targets (Drebin et al., 1988; Shepard et al., 1991).
The importance of EGF and its receptor in transient tissue
reorganisation and tumor progression has been demon-
strated extensively (Holbro et al., 2003a,b; Lu et al., 2003; Lo
et al., 2007). In cell culture EGF temporally disrupts AJs and
leads to internalization of E-cadherin and stimulation of
ERK1/2 signaling (Bryant et al., 2007; Kleiner et al., 2007).

To test if shrew-1 has indeed an effect on E-cadherin
internalization in this context, we performed surface bi-
otinylation experiments. For this we used the four differ-
ent MCF7 cell strains: GFP, shrew-1-GFP-overexpressing,
shrew-1 KD, and mock-infected cells. After stimulation with
EGF for 30 or 120 min, or unstimulated cells as a control, cell
surface proteins were biotinylated for 15 min on ice (Figure
5A). Using this experimental setup, we were able to show
that E-cadherin disappeared from the surface of MCF7 cells.
This effect was more pronounced in those cells overexpress-
ing shrew-1 compared with GFP control cells, as best seen
after 120 min (Figure 5B). Consistent with this observation,
shrew-1 KD cells did not show substantial loss of E-cadherin
at the cell surface compared with control cells at both time
points (Figure 5, B and C). These data fit well with the effect
of shrew-1 on AJ disruption by DECMA-1 antibody (Figure
4B). As a loading control, all biotinylated proteins were

Figure 5. Shrew-1’s effect on E-cadherin sur-
face localization. (A) First cells were treated
with EGF for 30 or 120 min to induce E-cad-
herin internalization or left unstimulated, and
then cell surface proteins were biotinylated for
15 min on ice. Black bars represent biotinylated
E-cadherin, white bars internalized/nonbioti-
nylated E-cadherin. (B) Biotinylated E-cadherin
disappeared from the surface of shrew-1–over-
expressing cells in a more pronounced way
then control cells, seen after 120 min. (C) In
contrast, shrew-1 KD cells did not show sub-
stantial loss of biotinylated E-cadherin at the
cells’ surface when compared with control cells.
As a loading control we visualized all biotinyl-
ated proteins with HRP-streptavidin to show
equal protein amounts in each sample. (D) It
should be noted that the total amount E-cad-
herin did not change upon stimulation with
EGF in either cell line. Loading of equal
amounts was monitored by GAPDH antibody
staining.
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visualized with HRP-streptavidin to indicate equal protein
loading (Figure 5, B and C). Of note, the total amount of
E-cadherin remained unchanged after EGF stimulation in all
cell lines (Figure 5D).

To specifically address the question if shrew-1 influences
the EGF-dependent endocytosis of E-cadherin, we per-
formed an endocytosis assay. For this surface proteins were
labeled with a cleavable EZ-Link Sulfo-SS-Biotin for 30 min.
Subsequently cells were either lysed directly to visualize
biotinylated surface proteins at time point 0 or immediately
subjected to glutathione stripping to reverse biotinylation.
Alternatively, cells were incubated in medium with or with-
out EGF at 37°C for 10 min and subjected to stripping
afterward. During this procedure internalized biotinylated
proteins were protected from glutathione stripping (Figure
6A). After 10 min of EGF treatment an increased amount of
biotinylated E-cadherin accumulated in the shrew-1-GFP–
overexpressing cells and less in KD cells compared with
control cells (Figure 6, B and C, lanes 3 and 9). The results of
this experiment support the interpretation of the previous
assay and indicate that shrew-1 overexpression enhances
EGF-mediated internalization of E-cadherin, whereas knock-
down decreases the amount of internal E-cadherin. Incuba-
tion without EGF at 37°C showed no detectable internaliza-
tion of E-cadherin and excludes the idea that shrew-1 could
also influence constitutive endocytosis (Figure 6, B and C,
lanes 4 and 10).

To discriminate whether shrew-1 influences only E-cad-
herin internalization or has also some enhancing effect on its
degradation, we performed the following experiment. MCF7
shrew-1-GFP, GFP, shrew-1 KD, and mock-infected cells
were surface-biotinylated on ice at time point 0, transferred
to 37°C, and stimulated with EGF. Cells were either har-
vested directly or 4 and 18 h after stimulation. Biotinylated
proteins were precipitated with neutravidin-beads and an-
alyzed by Western blots using E-cadherin antibodies. If
shrew-1 overexpression affects the degradation of E-cad-
herin a substantial reduction of biotinylated E-cadherin

could be expected after 4 h in comparison to control cells,
because the reported half-life of E-cadherin in untreated
cells has been shown to be �5 h (Stewart et al., 2000). As can
be seen in Figure 7, in all MCF7 cell lines tested the level of
E-cadherin protein was not influenced by either overexpres-
sion or knockdown of shrew-1 in comparison to control
cells. As expected according to the half-life of E-cadherin
substantial reduction of biotinylated E-cadherin was visible
after 18 h (Figure 7, B and C). Overall, these data implicate
that shrew-1 does not influence the turnover of E-cadherin
but its internalization upon stimulation with EGF.

Shrew-1 Facilitates Integration of E-Cadherin into EGFR
Signaling Complexes
So far, different factors have been identified that influence AJ
proteins by activation of EGFRs. One of the major kinases
shown to play a role in EGF-mediated AJ disruption is
tyrosine kinase Src (Shen et al., 2008). Thus we speculated
that shrew-1 and Src may contribute to the same signaling
network. Good evidence for such a speculation would be the
EGF-dependent coprecipitation of HER2 (the predominant
EGFR in MCF7 cells) together with E-cadherin, Src, and
shrew-1. To investigate this, anti-HER2 antibodies were
used for immunoprecipitation experiments (Figure 8 A). The
precipitates obtained were analyzed by Western blotting, for
the presence of E-cadherin, shrew-1-GFP, and Src. As ex-
pected in MCF7 GFP cells (control) E-cadherin, HER2, and
Src were present in a complex 10 min after EGF stimulation.
This is in agreement with a recent report showing that in
unstimulated cells E-cadherin does not interact with HER2
(Najy et al., 2008). In shrew-1–overexpressing cells, however,
this complex was already detectable in unstimulated cells
and, in addition, contained shrew-1 itself (Figure 8A). The
HER2/E-cadherin/Src/shrew-1 complex remained in EGF-
stimulated cells for 10 min. Similarly to control cells shrew-1
KD cells did not show preformation of the complex which,
however, was visible after stimulation with EGF (data not
shown). This implies that shrew-1 might modulate the cel-

Figure 6. Shrew-1’s effect on E-cadherin inter-
nalization. (A) First cells were biotinylated for
30 min on ice. Then cells were either lysed
directly, or subjected to glutathione stripping or
transferred to 37°C with or without EGF for 10
min to induce E-cadherin internalization, fol-
lowed by glutathione stripping. Black bars rep-
resent biotinylated E-cadherin and white bars
nonbiotinylated/stripped E-cadherin. (B) Lanes
1 and 7, total level of biotinylated E-cadherin;
lanes 2 and 8, stripping efficiency control; lanes
3 and 9, EGF-induced internalized E-cadherin;
lanes 4 and 10, constitutive internalized E-cad-
herin; lanes 5, 11 and 6, 12, additional controls
showing total level of biotinylated E-cadherin
at 37°C after 10 min with or without EGF. More
biotinylated E-cadherin was precipitated from
shrew-1–overexpressing cells then control cells,
after 10 min of EGF treatment. (C) Endocytosis
experiment with shrew-1 KD and mock control
cells; lanes are as described in B. Shrew-1 KD
cells do not show internalization of biotinylated
E-cadherin after 10 min of EGF treatment.
Western blots were probed with monoclonal
E-cadherin antibodies.
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lular response to EGF by facilitating complex preformation
of E-cadherin/HER2/Src.

Therefore, if shrew-1 is able to mediate the formation of
HER2/E-cadherin/Src complexes, this raises the question
whether shrew-1 itself is phosphorylated in a Src-depen-
dent manner upon EGF stimulation or DECMA-1 treat-
ment.

To test this MCF7 cells expressing shrew-1-GFP were
treated with the Src-specific inhibitor PP2 or the inactive
control compound PP3 (5 �M) for 20 min and with van-
adate for 5 min before stimulation with either EGF or
DECMA-1 for 10 min. Inhibition of Src kinases with the
inhibitor PP2 abrogated tyrosine phosphorylation of
shrew-1-GFP in EGF and in DECMA-1 treated cells,
whereas the inactive analog PP3 still allowed phosphor-
ylation of shrew-1 (Figure 8C).

Another important downstream signaling component
of the EGFR signaling pathway is activated ERK1/2
(Hynes and Macdonald 2009), which is also induced by
DECMA-1 (Kleiner et al., 2007). Therefore, we asked the
question of whether overexpression of shrew-1 has an
effect on phosphorylation of ERK1/2, reflecting its activa-
tion. As shown in Figure 8B enhanced ERK1/2 phosphor-
ylation was transiently observed after 5 min of EGF stim-
ulation compared with GFP control cells. Furthermore,
shrew-1 overexpression also increases ERK1/2 phosphor-
ylation in a DECMA-1– dependent manner but with a
different time course. Noteworthy activated ERK1/2 was
quantitatively indistinguishable in shrew-1 KD and con-
trol cells (data not shown).

Shrew-1 Influences Cell Migration in a Wound-healing
Assay
It has been reported frequently that wound healing of epi-
thelial cell sheets after injury requires activation of EGFR
(Frey et al., 2004; Wells et al., 2006). Given this fact, EGFR
activation should induce E-cadherin dynamics leading to
internalization, which, according to our findings would be
modulated by shrew-1.

Figure 7. Shrew-1 does not influence the degradation of E-cad-
herin. (A) Cells were surface biotinylated for 1 h on ice and subse-
quently either treated with EGF for 4 h or 18 h or were left un-
treated, and then biotinylated proteins were isolated and analyzed
for E-cadherin by Western blots. Black bars represent biotinylated
E-cadherin and white bars newly emerged E-cadherin. (B and C) No
significant differences between the MCF7 variants at 4 h and 18 h
with regard to shrew-1 could be observed, implicating that shrew-1
does not influence degradation of E-cadherin. As a loading control
all biotinylated proteins were visualized with HRP-streptavidin to
show equal protein amounts in each sample.

Figure 8. Shrew-1 facilitates inte-
gration of E-cadherin into RTK sig-
naling complexes. (A) Antibodies
against HER2 were used for coim-
munoprecipitation experiments an-
alyzed in Western blots using anti-
bodies against E-cadherin, GFP (to
identify shrew-1-GFP) and against
Src. E-cadherin, HER2, shrew-1-
GFP, and Src occurred in one com-
plex after 10 min of EGF stimula-
tion, but could already be detected
in unstimulated cells. (B) ERK1/2
activation was analyzed by phospho-
specific ERK1/2 antibodies and
loading of equal amounts by total
ERK1/2 antibodies in shrew-1-GFP–
overexpressing cells and GFP con-
trol cells in dependence of EGF or
DECMA-1. (C) EGF- and DECMA-1–
dependent tyrosine phosphorylation
of shrew-1 was analyzed by immu-
noprecipitation in the presence of
vanadate and Src inhibitors. Inhibi-
tors were applied in a final concen-
tration of 5 �M for 20 min before
stimulation. Cells were pretreated
with vanadate for 5 min before

DECMA-1 or EGF treatment for 10 min. Shrew-1 was tyrosine phosphorylated in a Src dependent manner, both, after treatment with EGF and
DECMA-1.
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If so, it could be anticipated that overexpression and
knockdown of shrew-1 in MCF7 cells might affect wound
healing if these cells are grown to sheets and scratched.
Indeed, the results of our wound healing assays are in line
with this hypothesis, i.e., that overexpression of shrew-1
accelerated the process. Migration of MCF7 shrew-1–over-
expressing cells was significantly higher after 24 h than in
GFP control cells in the presence of 100 ng/ml EGF, whereas
in shrew-1 KD cells migration was moderately reduced (Fig-
ure 9A). In line with our previous results immunofluores-
cence staining of shrew-1-GFP cells 30 and 120 min after
wounding showed vesicular staining for E-cadherin and
shrew-1 at wound edges after 120 min (Figure 9C, 1–3).

DISCUSSION

In general, fine tuning of intercellular adhesion by remov-
ing E-cadherin from the cell surface is a basic feature of
epithelial cells to alter parameters such as motility and
invasiveness in physiological situations during develop-
ment and in adult organisms (Thiery and Chopin, 1999;
Gumbiner, 2005), but also occurs aberrantly in pathophys-
iology such as carcinoma development (Bryant and Stow,
2004). Our findings are highly relevant for these issues
because they show that AJ-associated protein shrew-1 acts
as a novel modulator of E-cadherin internalization during

epithelial cell dynamics induced by either blocking E-
cadherin directly with DECMA-1 antibody or EGF-medi-
ated activation of HER2 RTK. In line with our results,
previous reports have shown that internalization of E-
cadherin and loss of epithelial morphology can indeed be
induced by DECMA-1 and EGF (Kleiner et al., 2007).

One of the challenges presented by our previous data
were the apparent contradiction that shrew-1 influenced
the invasive capacities of cells in culture (Schreiner et al.,
2007), yet was found in AJs in polarized epithelial cells
(Bharti et al., 2004). The observations of this article close
the gap, because they imply that shrew-1 acts as a switch
protein in epithelial cell dynamics. In the course of these
processes E-cadherin–mediated AJs are disrupted, and
E-cadherin is endocytosed, thus reducing its concentra-
tion in the plasma membrane. Here, shrew-1 is obviously
necessary in MCF7 breast carcinoma cells, independent of
whether E-cadherin internalization is induced by E-cad-
herin-blocking antibody DECMA-1 or by EGF.

These two stimuli both reflect situations in vivo, which
finally lead to reducing intercellular adhesion and alter-
ing properties of epithelial cells. Treatment of MCF7 cells
with DECMA-1 simulates blocking E-cadherin function
(Vestweber and Kemler, 1985; Ozawa et al., 1990; Nakagawa et
al., 2001) as has been described for soluble E-cadherin frag-
ments in cell culture and that is postulated to occur in vivo
during cancer development (Wheelock et al., 1987; De Wever
et al., 2007). Furthermore, aberrant activation of HER2 by
EGF has been found in a number of different carcinomas
(Wheelock et al., 1987; De Wever et al., 2007). In nonpatho-
logical situations EGF-mediated reduction of intercellular
adhesion is also critical, for example, in developmental pro-
cesses (for a review see Tepass et al., 2002). Based on pub-
lished findings and those in this article, it is therefore rea-
sonable to assume a critical role for shrew-1 in the dynamics
of AJs’ disassembly/assembly. By modulating the amount
of E-cadherin on the cell surface, shrew-1 might promote
processes such as motility of epithelial cells and also mor-
phogenesis of epithelial tissues (unpublished observations).

Notably, shrew-1 appears to be internalized into vesi-
cles together with E-cadherin. Provided that E-cadherin
internalization indeed reflects a balance between signals
that promote endocytosis and those that inhibit it, as
proposed recently (Yap et al., 2007), shrew-1 protein ap-
pears to be a regulator/modulator involved here. In line
with such a hypothesis is the observation that the degree
of EGF-mediated endocytosis from the plasma membrane
apparently depends on the amount of shrew-1 in MCF7
cells. Similarly, endocytosis of E-cadherin induced by
DECMA-1 is postponed when endogenous shrew-1 is
down-regulated and accelerated in cells overexpressing it.

A critical step in the signaling triggered by activated
EGFR/HER2 that leads to internalization of E-cadherin is
the formation and activation of a signaling complex in
which Src is a key component (Shen et al., 2008). This
complex is normally only detectable in stimulated MCF7
cells, but not before stimulation (Najy et al., 2008). How-
ever, if shrew-1 is overexpressed, one can observe prefor-
mation of a shrew-1–positive complex containing E-cad-
herin and Src. This preformed complex by itself obviously
does not lead to AJ disassembly and E-cadherin internal-
ization, but requires a specific signal such as EGF. This
subsequently leads to activation of Src kinase (Brunton et
al., 2004; Shen et al., 2008) and finally enhanced motility of
those cells. Quite likely, the recruitment and activation of
Src into the E-cadherin/shrew-1 complex is critical for
shrew-1 function, because shrew-1 phosphorylation de-

Figure 9. (A) Migration of shrew-1-GFP–overexpressing cells,
shrew-1 KD, and GFP/mock control cells was observed in an in
vitro wound-healing assay in the presence or absence of EGF 24 h
after wounding. Twelve different wounds per cell line and condition
were analyzed statistically. Error bars, SEM. (B) Layers of MCF7
cells expressing shrew-1-GFP were starved overnight, scratch-
wounded, and stained for E-cadherin with 5H9 antibody after 30 or
120 min (B and C). Arrows show colocalization of internalized
shrew-1-GFP and E-cadherin at wound edges. Scale bar, 15 �m.
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pends on Src (Figure 8C) and numerous previous reports
have shown that Src activation is essential for the disrup-
tion of cell– cell adhesion (Frame, 2004).

In conclusion, we propose a model where shrew-1 chap-
erones E-cadherin and Src into RTK signaling platforms and
further downstream compartments, leading to the internal-
ization of E-cadherin and cell migration. Consistently,
shrew-1–overexpressing cells respond faster and thus more
efficiently to EGF stimulation. Further studies will be neces-
sary to elucidate fully how engagement of shrew-1 results in
the modulation of E-cadherin and signaling pathways
downstream of cell adhesion–growth factor receptor com-
plexes in normal epithelial cell–cell dynamics. Finally in
cancer cells deregulated shrew-1, in concert with hyperac-
tive RTKs, e.g., EGF receptor, might promote progression of
malignancy.
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